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Fault-slip taking place in underground mines occasionally causes severe damage to mine openings as a
result of strong ground motion induced by seismic waves arising from fault-slip. It is indicated from
previous studies that intense seismic waves could be generated with the shock unloading of fault surface
asperities during fault-slip. This study investigates the shock unloading with numerical simulation. A
three-dimensional (3D) numerical model with idealized asperities is constructed with the help of
discrete element code 3DEC. The idealization is conducted to particularly focus on simulating the shock
unloading that previous numerical models, which replicate asperity degradation and crack development
during the shear behavior of a joint surface in previous studies, fail to capture and simulate. With the
numerical model, static and dynamic analyses are carried out to simulate unloading of asperities in the
course of fault-slip. The results obtained from the dynamic analysis show that gradual stress release
takes place around the center of the asperity tip at a rate of 45 MPa/ms for the base case, while an
instantaneous stress release greater than 80 MPa occurs near the periphery of the asperity tip when the
contact between the upper and lower asperities is lost. The instantaneous stress release becomes more
intense in the vicinity of the asperity tip, causing tensile stress more than 20 MPa. It is deduced that the
tensile stress could further increase if the numerical model is discretized more densely and analysis is
carried out under stress conditions at a great depth. A model parametric study shows that in-situ stress
state has a signiﬁcant inﬂuence on the magnitude of the generated tensile stress. The results imply that
the rapid stress release generating extremely high tensile stress on the asperity tip can cause intense
seismic waves when it occurs at a great depth.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Underground mining activities have a large inﬂuence on in-
situ stress state, which could eventually reactivate nearby pre-
existing faults or cause rock fracturing (White and Whyatt,
1999; Blake and Hedley, 2003; Alber et al., 2009; Sainoki and
Mitri, 2014a, b, 2015a; Naoi et al., 2015; Xu et al., 2015). Fault-
slip is then triggered by asperity breakage on a fault surface, be-
ing driven by a stress drop resulting from slip-weakening
behavior (Ryder, 1988; Sainoki and Mitri, 2014c, 2015a). Seismic
waves arising from fault-slip as well as the slip movement of the
fault could inﬂict severe damage to mine openings (Ortlepp and143984755.
Sainoki).
f Rock and Soil Mechanics,
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).Stacey, 1994; Ortlepp, 2000; Blake and Hedley, 2003). Hence,
better understanding of the characteristics of seismic waves as
well as the behavior of fault during fault-slip is indispensable.
Fault-slip taking place in underground mines has been studied
over the past decades (Hedley, 1992; Swanson, 1992; Potvin et al.,
2010; Hofmann and Scheepers, 2011; Hudyma and Beneteau,
2012; Sjöberg et al., 2012; Snelling et al., 2013; Sainoki and
Mitri, 2014b,c, 2015b). While these studies contribute to better
understanding of fault-slip in underground mines, adequate
knowledge of the dynamic behavior of faults during fault-slip has
not yet been gained. Micro-cataclastic materials remaining on the
surface of shear ruptures formed after a large seismic event that
occurred in a deep gold mine in South Africa were examined by
means of an electron microscope (Ortlepp, 1992, 2000). Electron-
microscopic images in those studies show that grains are
remarkably of uniform size and shape of rhombic dodecahedron,
and are unlikely to be formed from comminuted rocks on those
shear ruptures. Based on that fact, it is postulated that thoseoduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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rupture surface (Ortlepp, 2000). It is then deduced that the tensile
failure could be caused by violent unloading of surface asperities
during the dynamic shear rupture or the slip along a non-planar
surface. The present study aims to simulate the violent unload-
ing that produces extremely high tensile stress in a fault surface
asperity.
Asperity shearing on the surface of a joint or a fault has been
studied by many researchers with numerical analyses and/or ex-
periments (Elmo, 2006; Bahaaddini et al., 2013a; Lazzari, 2013;
Budi et al., 2014; Lambert and Coll, 2014; Wasantha et al., 2015).
However, previous studies focused mainly on the quasi-static shear
behavior and shear stress release associated with the degradation
of surface asperities entailing generation of shear and tensile
fractures. The simulated tensile failure is different from the
mechanismwhereby inducing intense seismic waves postulated by
Ortlepp (1992). Most of the previous studies examined the shear
stress change along a discontinuity from a macroscopic point of
view in quasi-static conditions, using numerical analysis tech-
niques considering the mesoscopic fracture mechanism such as
particle ﬂow code (PFC) developed by Itasca Consulting Group
(2008). Consequently, knowledge of rapid stress change in an
asperity from a mesoscopic or microscopic point of view during
shear process has not yet been sufﬁciently gained. It is also crucially
important that the uniformly-shaped grain examined by Ortlepp
(1992) is not necessarily observed in a brittle shear zone,
implying that the grain is produced during fault-slip along with an
intense shock pulse only when a certain condition is satisﬁed. The
multiple physical phenomena, such as generation of collision-
induced tensile and shear fractures and comminution of asper-
ities, simulated in the previous studies, seem to take place inevi-
tably when a joint with asperities is sheared under high normal
stress conditions. It indicates that the tensile and shear failures as
well as comminution are not essentially the cause for the unloading
of an asperity producing the grain, although it may affect the stress
state of the asperity. It is thus reasonable to conclude that a
completely different modeling approach is required to focus on and
numerically simulate the intense unloading of a fault surface
asperity during fault-slip.
In light of the hypothesis (Ortlepp, 1992, 2000), Sainoki and
Mitri (2014d) investigated the effect of sudden unloading of fault
surface asperities during fault-slip by means of numerical analysis
using a three-dimensional (3D) mine-wide model in dynamic
conditions. Their study reveals that sudden unloading of surface
asperity could induce signiﬁcantly intense seismic waves in a
localized region. Although it is numerically conﬁrmed that sudden
unloading of fault surface asperities during fault-slip could
generate intense seismic waves, the actual magnitude of stress
released during the unloading is still unclear since Sainoki and
Mitri (2014d) employed a “stress release rate” during the unload-
ing from a macroscopic point of view. As it is impossible to model
actual fault surface asperities in the mine-wide model constructed
in the study (Sainoki andMitri, 2014d), the concept of stress release
rate is adopted. The authors mention that the assumed stress
release rate needs to be related to an actual stress drop taking place
in a surface asperity during unloading.
The present study aims to investigate the stress variations
during asperity unloading. Discrete element models encompassing
idealized asperities are constructed. The idealization is performed
with an emphasis on simulating the violent unloading of an
asperity that previous studies fail to capture and simulate. Dynamic
analysis is then carried out, in which asperity unloading is simu-
lated in dynamic conditions. More realistic stress release rates of
fault surface asperities are quantitatively estimated on the basis of
the results obtained from the dynamic analysis.2. Behavior of asperity during fault-slip
In the course of shear movements of a discontinuity, asperities
on its surface inevitably undergo degradation attributed to tensile
and shear cracks caused by the collision of the asperities. Hence, the
process of asperity degradation is essentially complex. Recently, by
means of PFC, rigorous simulation of the asperity degradation of a
joint surface has been carried out (Bahaaddini et al., 2013a,b). It is
noted, however, that although the asperity degradation of a joint
surface has been simulated with PFC, those studies focused on the
joint of comparatively soft rock subjected to shear loading in quasi-
static conditions. Furthermore, no previous study successfully
simulates the intense unloading (generation of tensile stress) of an
asperity not related to shear and tensile cracks generated by
shearing and collision of asperities. Therefore, the dynamic
unloading of joint surface asperities formed in hard rock, which
was postulated by Ortlepp (2000), has not been studied sufﬁciently.
The shearing process of a rock joint is simpliﬁed and idealized in
the present study to understand the unloading mechanism of as-
perities. Fig. 1 shows a schematic illustration of a simpliﬁed conﬁg-
uration of joint surface asperities in the course of fault-slip. Fig. 1a
illustrates the initial state of interlocking joints before slip occurs.
Generally, rock joints encountered in underground mines are undu-
lating and have surface asperities (Wallace and Morris, 1986), which
are presumed to closely interlock with each other under high normal
stress acting on the joints. With the onset of slip shown in Fig. 1b,
stress concentrations occur along the joint surface as the contact area
between the interlocking asperities diminishes. When the concen-
trated stress exceeds the strength of the asperities, the asperities are
then sheared off, as can be seen in Fig. 1c. At this stage, the shearing
process is simpliﬁed and idealized, so that completely planar surfaces
are assumed to be generated on the asperity tips as a result of the
shearing. Along the generated planar surfaces, slip continues while
inducing stress concentrations on the asperity tips. Unloading of
asperity would start as soon as the contact of the surface is lost, as
shown in Fig.1d. In reality, the surfaceof a sheared asperitywouldnot
have a planar surface from a mesoscopic point of view. However,
numerical models used in preceding studies investigating asperity
degradation and fracture development during shearing do not
simulate the intense unloading of an asperity in dynamic conditions,
implying that it is necessary to adopt different modeling approaches
and construct a numerical model focusing on the simulation of
unloading behavior with idealization as the ﬁrst step to validate the
postulation made by Ortlepp (2000). Accordingly, the collision-
induced shearing process of asperities is not modeled in the pre-
sent study because it is not a direct cause for the generation of the
grain or the rapid “compressive” stress drop of an asperity tip.
Fig. 2 shows a more detailed illustration of asperity unloading in
the course of fault-slip. As shown in the ﬁgure, when the asperity
tip loses its contact, shock unloading of the asperities takes place,
which could cause tensile cracks and tensile disruption in the vi-
cinity of the asperity tip as indicated by Ortlepp (2000). More
importantly, as the shock unloading occurs instantaneously, there
is a possibility that intense seismic waves are generated. The
occurrence of seismic waves was numerically conﬁrmed by means
of a newly developed ubiquitous joint model (Sainoki and Mitri,
2014d), in which the stress release due to shock unloading was
simulated with a stress release rate. The present study aims to gain
insight into the actual stress release induced by shock unloading of
asperities shown in Figs. 1d and 2.
3. Numerical analyses
The numerical analysis is carried out to estimate the stress
release rate during asperity shock unloading. At the beginning of
Fig. 2. Schematic illustration of asperity unloading.
Fig. 1. Schematic illustration of the shearing process of joint surface asperities during
fault-slip.
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conditions and analysis procedure are then explained. The stress
release rate is investigated through model parametric study with
respect to slip rate and initial stress conditions.Fig. 3. Numerical model analyzed: (a) Isometric view of whole model, and (b) Iso-
metric view of the lower block top surface.3.1. Numerical model description
A discrete element model is constructed with 3DEC code (Itasca
Consulting Group, 2014). Perspective views of the numerical model
analyzed are shown in Fig. 3a and b. As can be seen from Fig. 3a, themodel is a cube with an edge length of 0.4 m and is separated into
upper and lower blocks. Fig. 3b shows the lower block, at the center
of which a single asperity is modeled. It is noted that the upper
block is symmetrical to the lower block about the x-y plane. In other
words, exactly the same asperity is modeled at the center of the
upper block, which contacts with the asperity in the lower block as
shown in Fig. 4. Hence, the model represents asperities after having
been sheared off during fault-slip, which corresponds to the stage
illustrated in Fig. 1c. Considerable efforts have been made to
determine appropriate model dimensions andmesh density so that
the obtained results are not affected by the factors. As a
Asperity in upper block
Asperity in lower block
The modeled asperities 
correspond to those in 
Fig. 1c
Fig. 4. Asperities in upper and lower blocks.
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of the tetrahedral zones near the contact between the upper and
lower asperities was determined to be 0.5 mm. The average edge
length increases up to approximately 2 cm towards the model
boundaries as shown in Fig. 3b. It is true that, in reality, there are
numerous asperities on a fault surface. However, it is impossible to
numerically model those asperities with acceptable accuracy
because of the limited computational resources, consequently
having led to the construction of the single asperity model.
Nevertheless, as discussed later, the model provides valuable re-
sults, which can be applied to a practical situation in the future
when relevant studies are conducted.
Fig. 5 depicts the dimensions of the modeled asperity in more
detail. As shown in the ﬁgure, the asperity is modeled as a circular
truncated cone. The diameter of the circular top of the cone is 0.01m,
and the height of the cone is 0.03m. As shown in Fig. 5a, signiﬁcantly
denser mesh is generated near the top of the circular truncated cone
to simulate the stress change taking place during the shearing pro-
cess as accurately as possible. It is natural that the size and shape of
asperities vary considerably depending on fault surface roughness
and the properties of the rock forming the fault. Hence, it is strongly
suggested that a model parametric study should be carried out in
terms of the geometry of the asperity in future work. As the denser
mesh in the model increases computation time considerably, the
model parametric study is undertaken only with respect to initial
stress conditions and slip rate in the present study.3.2. Analysis procedure
The analysis procedure is illustrated in Fig. 6. First, initial
stresses are applied to each zone of the model. Static analysis isFig. 5. Asperity dimensions: (a) Top view, and (b) Side view.then performed whilst ﬁxing displacements on the model bound-
aries in the direction perpendicular to the boundary. The boundary
condition applied to the model during the static analysis is a
“constrained displacement boundary condition”. During the static
analysis, the model outer boundaries are constrained in the direc-
tion perpendicular to the boundaries. Under the condition, the
stresses, i.e. sxx, syy, and szz, are applied to each zone as an initial
stress state. The static analysis is intended to re-distribute the
applied initial stresses, so that stress concentrations on the asperity
tip are simulated. The static analysis continues until the maximum
unbalanced force in the model becomes negligible. As the con-
structed model has asperities, the applied initial stresses are re-
distributed in the model during the static analysis to reach
equilibrium.
The dynamic analysis starts after the static stress state reaches
equilibrium, and at that point the boundary conditions are
changed. As can be seen from Fig. 6, during the dynamic analysis,
viscous boundary conditions are applied in all the directions to the
external boundaries of the lower block in order to prevent stress
waves from reﬂecting on the boundaries. For the upper block,
viscous boundary conditions in the y- and z-directions are applied
to the external boundaries. Velocity in the x-direction of grid points
on the external boundaries of the upper block is set to a certain
value to simulate fault-slip, as shown in the ﬁgure. The viscous
boundary condition is produced with the use of independent
dashpots in the normal and shear directions on the model
boundaries. The dashpots absorb the energy of stress waves pro-
duced by the dynamic movement of the blocks. The viscous
boundary condition is based on the model developed by Lysmer
and Kuhlemeyer (1969). A slip along the contact surface between
the upper and lower blocks is simulated whilst applying those
boundary conditions. The dynamic analysis is continued until the
asperities in the upper and lower blocks completely lose contact
with each other, whereby stress change induced by unloading of
the asperities can be monitored and investigated.
3.3. Constitutive model and mechanical properties applied to the
model
An isotropic, elastic constitutive model is applied to the dis-
cretized zones in the numerical model. The implication of
employing this constitutive model is that the maximum possible
tensile stress generated within the asperities at the moment of
unloading can be simulated. Thus, the largest stress release rate
during fault-slip can be estimated. It is noted that the primary
purpose of the present study is to numerically conﬁrm the occur-
rence of shock unloading of an asperity that generates uniformly-
shaped particles on a shear plane, which is not observed in pre-
ceding studies where the development of tensile and shear cracks
caused by asperity collision is simulated. In this regard, employing
constitutive models such as an elastoplastic model prevents such
high tensile stress from taking place because the tensile strength of
rock is generally less than 20 MPa on a mesoscopic scale and stress
dissipation due to the failure on a mesoscopic scale makes it
impossible for such high tensile stress to occur. The uniformly-
shaped particles are generated by elastic, brittle tensile failure on
a “microscopic scale”. To simulate stress conditions under which
failure takes place, elastic analysis without stress dissipation needs
to be carried out unless the model is constructed with particles of
the same size as those found on the fault surface, which is
considered impossible with the current capability of personal
computers. To this end, it is not necessary to employ a constitutive
model to simulate failure on an asperity tip as conﬁrming the
occurrence of tensile stress due to unloading and quantifying its
magnitude is the ﬁnal goal of this paper. In addition, estimating the
Fig. 6. Schematic diagram showing the analysis procedure.
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criterion is deemed important to be on the safe side because the
tensile strength of such small particles produced by the shock
unloading is uncertain, ranging from 85 MPa to 200 MPa when its
edge length ranges from 10 mm to 50 mm. Admittedly, the devel-
opment of cracks within an asperity affects its stress state prior to
the occurrence of shock unloading, which in turn would inﬂuence
the intensity of unloading. However, as explained, taking into ac-
count those phenomena including the collision of asperities makes
it quite challenging to simulate the shock unloading. In fact, shock
unloading is not observed and discussed in previous studies,
consequently providing an incentive to the construction of the
numerical model with the idealized asperities after being sheared
in the present study. It is noteworthy that when a relation between
the magnitude of tensile stress due to the shock unloading and
compression stress within the modeled asperity is derived with the
elastic analysis carried out in the present study, the relation can be
applied as the ﬁrst approximation to estimate the magnitude of
shock unloading when the compressive stress acting on an asperity
tip is obtained from an analysis considering the development of
cracks due to asperity shearing. Thus, the present study is crucial to
lay the foundation for better understanding of shock unloading of a
fault surface asperity.
Mechanical properties applied to the zones are derived from the
case study conducted by Henning (1998). Speciﬁcally, the modulus
of elasticity, E, is 31 GPa, and the Poisson’s ratio, n, is 0.21. The unit
weight of rock is assumed to be 25.5 kN/m3 (Zhang and Mitri,
2008), considering the average value in the Canadian Pre-
Cambrian Shield. Although dynamic analyses are conducted in
the present study, dynamic mechanical properties are not consid-
ered because the primary objective of the present study is to
simulate the occurrence of shock unloading. The shock unloading is
expected to generate intense seismic waves, but the unloading it-
self is not associated with propagation of the seismic waves.
There are a number of friction laws proposed for the resistance
to shear stress acting on a joint or fault surface (Barton, 1973;
Dieterich, 1978; Ruina, 1983; Ohnaka and Yamashita, 1989;
Bizzarri, 2011). As shown with those friction laws, the shear
stress acting on a fault surface nonlinearly decreases while ﬂuctu-
ating, affected by various factors, such as the slip distance and slip
rate. It is noted that the friction laws represent “macroscopic” shear
strength of a fault surface, meaning that the ﬂuctuation and
nonlinear decrease in shear strength during shear movement along
a fault are essentially attributed to the degradation and/or rupture
of fault surface asperities. In this regard, we assume that the surface
of the sheared asperity tip is planar on a mesoscopic scale of an
order of millimeter. Hence, shear stress change accompanied by theevolution of a frictional slip is considered not signiﬁcant because no
asperities are subjected to degradation. As shown with the direct
shear test on samples with various asperity angles, the more planar
a joint surface becomes, the less the stress change takes place
during post-peak phase (Budi et al., 2014). Considering these facts,
the present study reasonably applies the classical Mohr-Coulomb
failure criterion to the contact between the upper and lower
blocks, assuming a friction angle of 30, which is an intermediate
value of basic friction angles of typical rocks (Barton and Choubey,
1977). Although the slip rate still affects the frictional resistance
during slip as demonstrated by Yuan and Prakash (2008), the in-
ﬂuence is not taken into consideration in order to interpret results
derived from amodel parametric study with respect to the slip rate.
The stiffness of the interface between the upper and lower
blocks is determined as follows. The asperity tip examined in the
present study is in the order of millimeter, implying that the normal
and shear stiffnesses are extremely high due to the size effect. In
addition, the contact surface between the upper and lower asper-
ities is assumed to be closely attached. It means that the maximum
joint closure is reached, which theoretically produces inﬁnitely
large stiffness (Bandis et al., 1983). Considering this fact, the present
study adopts 310 GPa/m and 128 GPa/m as normal and shear
stiffness, respectively. Note that the Young’s modulus and shear
modulus of the rock are 31 GPa and 12.8 GPa, respectively. Joint
dilatancy is caused by the collision of asperities. In this regard, we
assume a planar asperity tip sheared off by asperity collision. Thus,
theoretically, no dilation takes place during the simulation of a slip
movement. Although microscopic asperities on the asperity tip
might cause dilation, their inﬂuence is assumed to be extremely
small.
3.4. Damping system and time step
Regarding the damping system applied to the model during the
dynamic analysis, the local damping system, which is implemented
into 3DEC, is employed assuming 5% of the critical damping.
Detailed description of the damping system is found in the 3DEC
user manual (Itasca Consulting Group, 2014). Although the local
damping system cannot capture energy loss accurately when stress
waveforms are complex, the damping system is deemed sufﬁcient,
considering the scope of this study, i.e. the propagation of stress
waves is not focused on. The time step used in the dynamic analysis
is automatically optimized based on the volume of each zone of the
model, P-wave velocity derived from rock mass mechanical prop-
erties, and face area of each zone. The actual time step used during
the dynamic analysis is approximately 1.67  108 s, which slightly
differs depending on the initial and analysis conditions.
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In the present study, a model parametric study is carried out
with respect to the initial stress state and slip rate because those
parameters are expected to exert a large inﬂuence on the stress
release taking place in the asperity. Table 1 shows the numerical
models analyzed.
As shown in Table 1, the stress applied at the beginning of static
analysis varies from 10 MPa to 30 MPa. At the end of the static
analysis, stress concentrations on the asperity tip are simulated. As
discussed in the previous section, the generation of cracks within
an asperity caused by the collision of asperities during slip would
have an inﬂuence on the stress state of the asperity. However, as
shown in previous studies, simulating those physical phenomena
makes it difﬁcult to capture the shock unloading of an asperity that
produces tensile stress. Thus, the present study adopts the state
after shear-off of asperities as an initial state for the numerical
analysis. The range of stress applied as the initial condition of the
static analysis is determined considering the overlying pressure in
undergroundmines at depths between 400m and 1200mwith the
assumption that the unit weight of rock mass is 25.5 kN/m3. The
stress is applied to each zone whilst assuming hydrostatic stress
state. For Models 1e3, a slip rate of 3 m/s is applied to the upper
block in the dynamic analysis. The slip rates during fault-slip esti-
mated by McGarr (1991) fall into a range from 0.3 m/s to 20 m/s. In
addition, the fault-slip simulated by Sainoki and Mitri (2014a) in
dynamic conditions yields a slip rate of approximately 4 m/s. Based
on the information, the slip rate is adopted. For Models 4 and 5, the
initially applied stress is 20 MPa, but the slip rate is changed to 2m/
s and 4 m/s, respectively, to investigate its effect on stress release
rate.Table 1
Numerical models analyzed.
Model no. Initially applied stress (MPa) Slip rate (m/s)
1 10 3
2 (Base model) 20 3
3 30 3
4 20 2
5 20 4
Fig. 7. Stress concentration on the as4. Results and discussion
The vertical stress szz in the upper and lower asperities at the
end of the static analysis is shown in Fig. 7. Note that compression is
expressed as negative in the ﬁgure legend. As can be seen from the
ﬁgure, tensile stress occurs at some locations in the asperities, but it
is found from the sectional view of the asperities in Fig. 8 that the
tensile stress takes place only in the vicinity of the surface. This may
be attributed to the tensile hoop stress developed on the asperity
skin. As the area where tensile stress takes place is negligible
compared to the entire area of the asperity, it is presumed that the
generation of tensile stress does not signiﬁcantly affect results of
subsequent dynamic analysis to simulate asperity unloading. It is
noted in Fig. 7 that stress is concentrated at the tip of the asperities,
and its magnitude increases with increasing initial stress. For
Model 1, the magnitude of szz is as large as 20 MPa around the tip,
while it increases to approximately 60 MPa for Model 3. It is
envisaged that the intensity of the stress concentration and its
magnitude vary depending on the geometry of the asperity and in-
situ stress state. As discussed in the previous section, the devel-
opment of tensile and shear cracks induced by the collision of as-
perities would affect the stress state of an asperity tip after being
sheared. However, taking those physical phenomena into consid-
eration makes it quite difﬁcult to replicate the condition where the
shock unloading of an asperity occurs. In fact, shock unloading,
which is essentially different from tensile cracks induced by
asperity shearing, is not observed in numerical models used in
previous studies.
During the dynamic analysis, szz is monitored at three obser-
vation points, A, B, and C, as shown in Fig. 9. Those points are
located 2 mm above the contact surface between the upper and
lower asperities, and the horizontal distance between each point is
2.5 mm.
Fig. 10 depicts the stress change at the three observation points
during the dynamic analysis. It should be noted that compression is
treated as negative in the same way as Fig. 7. As expected from the
locations of the observation points and the direction in which the
upper block slides, the stress ﬁrst starts to decrease at Point A.
Afterwards, it starts to decrease at Point B, followed by a decrease at
Point C. Based on the stress curves in Fig. 10, it is found that the way
in which the stress is released in the asperity can be classiﬁed into
two types: gradual stress release and instantaneous stress release.perity tip before slip takes place.
Fig. 10. Stress change during dynamic analysis for Model 2.
Fig. 8. Occurrence of tensile stress near the surface after static analysis in the case of
Model 2.
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upper block while the contact between the upper and lower as-
perities still exists. On the other hand, instantaneous stress release
occurs at the moment that the contact between the asperities is
vanished. From the ﬁgure, it appears that the rate of gradual stress
release is similar at all locations of the observation points, and it can
be roughly estimated to be 45 MPa/ms from the inclination of the
stress curve in the case of Model 2. It is speculated that the rate of
stress release will increase as the observation points become closer
to the asperity tip, and will decrease as the points move deeper into
the asperity. Although the rate of gradual stress release exhibits
similar values irrespective of the location of the observation point,
the magnitude of instantaneous stress release signiﬁcantly differs
between them. Speciﬁcally, as can be seen from Fig. 10, the
instantaneous stress release intensiﬁes as the observation points
approach the periphery of the asperity. For instance, when the
instantaneous stress release takes place, it drops by 9 MPa at Point
B and by 51 MPa at Point C. The schematic illustration showing theFig. 9. Observation points during dynamic analysis.intense stress drop near the periphery is depicted in Fig. 11. As can
be seen, the stress concentration taking place at the periphery is
presumably attributed to the generation of the large stress drop
producing high tensile stress. It is remarkable that a tensile stress as
much as 11 MPa could be induced at Point C due to the sudden
unloading of the asperity. The generation of tensile stress caused by
asperity unloading agrees with the postulation established by
Ortlepp (2000). It should be noted that the occurrence of tensile
stress due to the rapid unloading of the asperity is not observed in
previous studies, and the mechanism causing the tensile stress is
completely different from that induces tensile cracks during
asperity shearing simulated by Elmo (2006). The global stress
change caused by the asperity unloading is shown in Fig. 12. It is
found from the ﬁgure that the loss of contact between the upper
and lower asperities causes stress release within the asperity,
resulting in the global stress change in the model, especially in the
vertical direction.
Table 2 lists the rates of gradual and instantaneous stress release
for the ﬁve models shown in Table 1. It is found that as the initial
stress and the slip rate increase, the magnitude of gradual stress
release rate increases, suggesting the occurrence of a more intense
reduction in stress around the asperity tip during slip before the
contact between the upper and lower asperities is completely lost.
Seemingly, a gradual stress release rate is almost directly propor-
tional to the magnitude of the initial stress state and the slip rate.Fig. 11. Schematic illustration showing the stress concentration taking place on the
periphery of the asperity and subsequent shock unloading of the asperity.
Fig. 12. Global stress changes in the block when the shock unloading takes place (unit: Pa).
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with the initial stress state as can be seen from Models 1e3.
Comparing the second column in Table 2 with the fourth one, it is
found that the magnitude of instantaneous stress release is always
greater than the initial vertical stress in the asperity tip before the
slip is induced. For example, for Model 1, the vertical stress as much
as 12 MPa takes place at Point C after static analysis. However,
during the dynamic analysis, an instantaneous stress drop of
21 MPa occurs, which is 1.5 times greater than the vertical stress
before the slip takes place. It is deduced that two factors contribute
to the increase in the magnitude of stress. The ﬁrst one is the stress
concentration resulting from the decrease in contact area between
the upper and lower asperities during the slip in dynamic analysis.
The second one is the shock unloading that takes place at the
moment that the contact is completely lost. As explained above, in
the case of Model 2, the tensile stress as much as 11MPa takes place
when the shock unloading occurs. Those factors are assumed to
intensify the magnitude of stress released during unloading.
Interestingly, it appears that the slip rate does not exert a signiﬁcant
inﬂuence on the magnitude of instantaneous stress release within
the range of the slip rates adopted in this parametric study.
It is conceivable that the magnitude of normal stress acting on a
fault becomes much greater than those applied to the model in the
static analysis (Table 1) when mining activities are carried out at
great depths (Malek et al., 2009). The results shown in Table 2
indicate that the normal stress on the fault surface asperities
could drop instantaneously by more than 100 MPa when fault-slip
takes place at such great depths along an undulating surface with
signiﬁcant asperities. Although the magnitude of the stress drop
due to shock unloading is dependent upon tensile stress thatTable 2
Stress release due to shock unloading of fault surface asperities.
Model no. Vertical stress
before slip at
Point C (MPa)
Rate of gradual
stress release
(MPa/ms)
Instantaneous
stress release
at Point C (MPa)
1 12 23 21
2 24 45 51
3 36 62 81
4 24 27 55
5 24 57 55asperities can sustain, an instantaneous stress drop that could be
greater than 100 MPa is considered large enough to generate
intense seismic waves that could cause localized damage to mine
openings (Ortlepp, 2000). The gradual stress drop discussed above
is assumed to contribute to the generation of intense stress waves
as well. The estimated rate and magnitude of stress release in the
asperities can be used as input parameters of the developed
constitutive model to simulate intense seismic waves arising from
sudden unloading of fault surface asperities (Sainoki and Mitri,
2014d). In the previous study, assumed values were used as the
stress release rate during asperity unloading. The obtained stress
release rates in the present study will allow for more rigorous
estimation of ground motions induced by the intense seismic
waves arising from asperity unloading.
Ortlepp et al. (2005) estimated the tensile stress required to
generate uniformly-shaped microscopic particles of quartz during
shear rupture to be in the range of 89e200 MPa, considering the
size of the particles. Although the estimated tensile stress is much
greater than that simulated with the models in this study, it is
speculated that the tensile stress induced by the instantaneous
stress drop becomes signiﬁcantly greater in the vicinity of asperity
tips. Fig. 13 shows the maximum tensile stress observed in zones
along the observation line above Point C for Model 3. The results
demonstrate that the tensile stress induced by shock unloading
increases toward the asperity tip. Speciﬁcally, as shown in Fig. 13,
the maximum tensile stress is almost zero at the position more
than 6 mm above the asperity tip; and it increases to 10 MPa and
21 MPa at positions 4 mm and 2 mm above the asperity tip,
respectively. In this case, amaximum tensile stress between 25MPa
and 30 MPa is expected to take place in the close proximity of the
asperity tip (the y-intercept in Fig. 13). As described in the previous
section, the minimum edge length of tetrahedral zones is approx-
imately 0.5 mm near the asperity tip, which is a limiting value to
measure stress change in the present study, whereas the size of
sub-particles generated by tensile failure due to shock unloading
during fault-slip is in the range of 10e50 mm (Ortlepp et al., 2005).
It is thus impossible to simulate stress change accurately on the
scale with the constructed numerical model. However, as demon-
strated above, it is conceivable that a tensile stress large enough to
cause such tensile failure and to generate the microscopic particles
on a fault surface is induced in the vicinity of an asperity tip at
greater depths.
Fig. 13. Maximum tensile stress in zones during dynamic analysis along the obser-
vation line for Model 3.
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ture the stress change taking place near the asperity tip as accu-
rately as possible. As a result, the computation time to carry out
dynamic analysis for one case has increased to 5 days, although a
high-spec personal computer with 32 GBmemory and 4.0 GHz CPU
is used. Hence, the model parametric study with respect to the
geometry of the asperity is not carried out. However, as mentioned
earlier, it is conjectured that the stress concentration in the asperity
tip is susceptible to the geometry. Thus, the magnitude of vertical
stress near the asperity tip after the static analysis could increase
signiﬁcantly, even if the initially applied stress is the same. In that
case, the more intense instantaneous stress drop is assumed to take
place. Thus, as future work, it is recommended that the effect of
asperity geometry on the gradual and instantaneous stress release
in the asperity is to be investigated in detail.
Although the constructed model seems to be simple, it provides
us a signiﬁcantly important result, i.e. the spatial distribution of
stress reduction not only within the asperity but also in a nearby
area. Thus, the result allows us to compute volume-weighted stress
reduction in the area affected by the asperity unloading, which
helps us estimate stress reduction caused by unloading of multiple
asperities on a macroscopic scale, although the statistical approach
to simulate the distribution of asperities that lose contact on the
given area of a fault surface is indispensable. Major factors assumed
to be related to the intensity of seismic waves generated by the
instantaneous unloading are as follows: slip rate, mechanical
properties, geometry and size of an asperity, and stress state. In a
real case, it is suggested that those factors should be examined and
characterized for faults located in an active mining area. In the
present study, inﬂuences of slip rate and stress state are investi-
gated. In the future, a more detailed model parametric study with
respect to inﬂuential factors, such as asperity geometry, stiffness,
and size, on the stress reduction needs to be undertaken to identify
how these factors affect the volume-weighted stress reduction,
consequently enabling us to estimate stress reduction taking place
on a fault surface with asperities of different geometry, size and
properties.
In addition, the interaction between two nearby asperities
would need to be further studied. It should be noted that the cur-
rent model is the ﬁrst step for studying the violent unloading of an
asperity producing extremely high tensile stress on the tip. As
mentioned above, even the current model with a single asperityrequires several days for the dynamic analysis. In future, along with
the model parametric study discussed above, the interaction
amongst multiple asperities will be studied.
5. Conclusions
This study investigates the stress change induced by sudden
unloading that takes place in fault surface asperities during fault-
slip. A discrete element model of idealized asperities is con-
structed by means of 3DEC software. Using the numerical model,
stress change in the asperities in the course of slip is simulated in
dynamic conditions. A model parametric study is carried out with
respect to the initial stress state and slip rate. The results obtained
from the dynamic analysis show that the stress concentrated on the
asperity tip is gradually released as the contact area between the
upper and lower asperities decreases during slip. When an initial
stress of 20 MPa and a slip rate of 3 m/s are applied, the vertical
stress in the asperity is released at a rate of 45 MPa/ms. Gradual
stress release rate increases with the slip rate and magnitude of
initial stress. After the gradual stress release, an instantaneous
stress drop takes place when the contact between the asperities is
completely lost. The initial stress state has a large inﬂuence on the
magnitude of instantaneous stress release, while the slip rate does
not. It is found from the results that the instantaneous stress drop
could be more than 100 MPawhen the fault-slip is induced at great
depths. The magnitude is considered large enough to cause intense
shock pulses capable of damaging the rock mass. Although the
computed tensile stress at the observation points in the model does
not surpass the suggested range of values needed to generate sub-
particles of quartz within the fault (Ortlepp et al., 2005), it is
conceivable that the tensile stress could increase to the required
range in the immediate vicinity of the asperity tip when the
asperity is subjected to high initial stress before fault-slip takes
place in deep mines.
The present study is a ﬁrst step toward investigating the shock
unloading of fault surface asperities. The next step will focus on the
normal stress reduction caused by shock unloading of multiple
asperities. This would have to be studied whilst considering the
statistical distribution of joint asperities that lose contact during
slip. This would be achieved by undertaking a model parametric
study with respect to the geometry, size and mechanical properties
of the asperity and by studying the interaction amongst multiple
asperities during slip. Based on such studies, the macroscopic,
instantaneous normal stress reduction due to asperity shock
unloading can be estimated, fromwhich a constitutive equation can
be derived and implemented into the numerical analysis to simu-
late a fault-slip rockburst that entails shock unloading of asperities.
This would signiﬁcantly contribute to the knowledge on the esti-
mation of the potential for the occurrence of rockbursts that
generate intense seismic waves and inﬂict localized severe damage.
The present study is believed to have laid a foundation for such
future goal.
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